Introduction
Activation of the sympathetic nervous system is a major mechanism in the pathogenesis of hypertension and associated comorbidities. Post-ganglionic efferent sympathetic nerve fibre activation causes increased renin release, tubular sodium reabsorption, and a reduction in renal blood flow. 1 Afferent sympathetic nerve signalling arising from the kidneys are centrally integrated and result in increased sympathetic outflow to various target organs including the heart and the peripheral vasculature resulting in vasoconstriction further contributing to the rise in blood pressure (BP). 2, 3 Uncontrolled hypertension has been associated with progressive decline in renal function 4 which has been inversely correlated to the level of muscle sympathetic nerve activity. 5 The decline of renal function in hypertension varies widely depending on comorbidities and BP control 6 as well as baseline estimated glomerular filtration rate (eGFR) with an average decline of 0.5 to 2.7 mL/min/1.73 m 2 annually. [7] [8] [9] Catheter-based renal denervation (RDN) is a treatment modality that specifically targets sympathetic overactivity commonly present in patients with uncontrolled hypertension. Indeed, RDN has been shown to reduce muscle sympathetic nerve activity, 10, 11 renal norepinephrine spillover, 12 and BP in several patient cohorts with hypertension. [13] [14] [15] The Global SYMPLICITY Registry is the largest data set of RDNtreated patients to date, which targets to include 3000 patients worldwide. The 6-month change in office and 24-h ambulatory systolic BP (SBP) for the first 1000 patients was -11.6 ± 25.3 and -6.6 ± 18.0 mmHg, respectively, for all patients (P < 0.001 for both) and -20.3 ± 22.8 and -8.9 ± 16.9 mmHg for those with severe hypertension (P < 0.001 for both). 16 Small-scale trials have demonstrated sustained BP outcomes after RDN, 17, 18 but these trials were limited to relatively small sample sizes and not powered to evaluate longterm safety, including renal function. Furthermore, three very recent sham-controlled studies clearly demonstrated the BP lowering efficacy of RDN [13] [14] [15] ; however, long-term data are not available. We, therefore, assessed the long-term effectiveness, safety, and effects on renal function in the Global SYMPLICITY Registry out to 3 years after RDN.
Methods

Trial design
The design and 6-month outcome data from the Global SYMPLICITY Registry (www.clinicaltrials.gov, NCT01534299) have been previously published. 16, 19 In brief, the prospective, open-label, single-arm, observational registry is enrolling patients with uncontrolled hypertension and/or conditions associated with sympathetic nervous system activation. Rosa, CA, USA). The trial complies with the Declaration of Helsinki, locally appointed ethics committees approved the clinical protocol at each enrolling centre, and informed consent was obtained from all patients. The primary objective is to assess procedural and long-term safety of RDN in a real-world setting, with recommended follow-up for 3 years.
The trial procedures recommend three BP measurements at each office visit with the patient sitting quietly for at least 5 min with 1 min between each reading, and according to standard practice, 24-h ambulatory BP measurement in compliance with published guidelines. 20, 21 Before treatment and at each follow-up visit, investigators interviewed patients and documented any changes of prescribed antihypertensive medication class or dosage.
Definitions
Severe treatment-resistant hypertension was defined as office SBP > _160 mmHg and 24-h ambulatory BP > _135 mmHg, despite prescription of > _3 antihypertensive medications, while 'less severe hypertension' was defined as office SBP and diastolic BP 150-180 mmHg and > _90 mmHg, respectively, and 24-h ambulatory SBP 140-170 mmHg. Estimated glomerular filtration rate was calculated using the Modification of Diet in Renal Disease (MDRD) formula. 22 Because the MDRD formula has less precision in measuring glomerular filtration rate (GFR) at higher values, we also calculated eGFR using the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) formula. 23 
Statistical analysis
Continuous variables were presented as means ± standard deviation (SD). Between-group differences in continuous variables were tested using the Wilcoxon-Mann-Whitney test. Within-group differences in continuous variables from baseline to follow-up were tested using paired t-tests. , male gender, diabetes mellitus, body mass index, history of cardiac disease, heart failure, left ventricular hypertrophy, atrial fibrillation, current smoker, number of ablation attempts, as well as baseline number of antihypertensive medication classes, and prescription of aldosterone antagonist, alpha-1-blocker, alpha-2 agonist, angiotensin-converting enzyme inhibitor, angiotensin receptor blocker, beta-blocker, calcium-channel blocker, direct renin inhibitor, and vasodilator. For each model, only covariates with a univariate P < 0.2 were considered for the multivariable model. Multivariable predictors were then determined from these covariates using a stepwise selection method with entry/stay significance levels of 0.1/0. 1. A two-tailed P value <0.05 was considered statistically significant. Analyses were performed using SAS version 9.2 or higher (SAS Institute, 
Cary, NC, USA) and Institut für Herzinfarktforschung GmbH (Ludwigshafen, Germany) performed the statistical analyses. Authors had full access to the data.
Results
Baseline characteristics and procedural data
At the time of this analysis, 2237 patients had been enrolled at 196 active sites in 45 countries. Of these, 1734 patients have office BP measurements available at 6 months, 1654 at 1 year, 1258 at 2 years, and 872 at 3 years ( Figure 1) . Average body mass index at baseline was 31 ± 6 kg/m 2 , mean age was 61 ± 12 years, 20.9% had a history of CKD (eGFR <60 mL/min/1.73 m 2 ), 38% had Type 2 diabetes mellitus, and nearly half had a history of cardiac disease ( Table 1) . A total of 17 patients were on haemodialysis at study entry. All patients had RDN with the mono-electrode SYMPLICITY Flex catheter (Medtronic, Santa Rosa, USA). During the RDN procedure, 13.4 ± 4.1 ablation treatments were applied in 2.1 ± 0.4 renal arteries per patient. A total of 129 ± 78 mL of contrast was used during a RDN time (the interval between RDN catheter insertion and guide catheter removal) of 49 ± 21 min.
Antihypertension medication
Antihypertensive medication prescription is shown in Table 2 . At baseline, patients were prescribed 4.5 ± 1.4 antihypertensive medication classes, which in most patients included an angiotensin receptor blocker or ACE inhibitor, a calcium channel blocker, a diuretic, and a beta-blocker. At 3-year post-enrolment, patients were prescribed 4.4 ± 1.5 antihypertensive classes (P < 0.001 vs. baseline), reflecting a decrease in angiotensin-converting enzyme inhibitor and centrally acting sympatholytic use with a concomitant increase in aldosterone antagonist use.
Blood pressure
Office and 24-h ambulatory BP at baseline was 166/90 ± 25/17 and 154/86 ± 18/14 mmHg, respectively. At 6 months, office SBP decreased by -12.8 ± 26.2 mmHg (n = 1691, P < 0.0001 vs. baseline) and 24-h ambulatory SBP by -7.2 ± 17.8 mmHg (n = 966, P < 0.0001 vs. baseline); the decrease in both office and 24-h ambulatory BP was sustained at 12, 24, and 36 months ( Figure 2) . The 6-month change in office SBP was -21.7 ± 24.0 (n = 228, P < 0.0001) in patients with severe treatment-resistant hypertension, and -15.3 ± 19.5 (n = 55, P < 0.0001) in patients with less severe hypertension, with BP levels sustained to 3 years ( Figure 3) .
Baseline and procedure characteristics that correlated with a change in office and 24-h ambulatory SBP at 12, 24, and 36 months are shown in Table 3 . The only baseline variable associated with a greater reduction in office (and 24 h) SBP at all three time points (12, 24 , and 36 months) was higher baseline office (and 24 h) SBP. Use of Masked hypertension (%) 11
White coat-hypertension (%) 4
Results are presented as % or mean ± SD. eGFR, estimated glomerular filtration rate. 
Safety
Safety outcomes are shown in Table 4 using Kaplan-Meier estimates. At 3 years, 4.0% of patients experienced death (2.0% cardiovascular death), 3.2% stroke, and 2.6% underwent hospitalization for hypertensive crisis. Additionally, 1.6% developed end-stage renal disease, and 1.5% had an increase in serum creatinine from baseline of more than 50%. At 1 year, three patients (0.1%) were identified with newly developed renal artery stenosis. Two of these three cases, both confirmed by angiography to have 75% stenosis, were associated with a worsening of BP after an initial decline in BP following RDN; both cases were successfully treated by stenting. In the third case, a >70% stenosis in the left proximal renal artery was documented during abdominal magnetic resonance imaging; this patient was treated pharmacologically.
Renal function
The change in eGFR following RDN is shown in Figure 4A . Figure 4B) .
Discussion
In the SYMPLICITY Global Registry, the largest registry of RDN to date, SBP reduction was sustained to 3 years including decreases in both office (-16.5 mmHg) and 24-h ambulatory SBP (-8.0 mmHg). The RDN procedure showed a favourable short-and long-term safety profile. In this cohort of severe, uncontrolled hypertensive patients, renal function as assessed by eGFR declined within the range expected for hypertensive patients, with the fall in BP and these characteristics and comorbidities. 24 The 6-month change in office and 24-h ambulatory SBP was largest in patients with severe resistant hypertension (-21.7 and -8.1 mmHg, respectively, P < 0.001 for both), and significant in patients with less severe hypertension (-15.3 and -13.6 mmHg, P < 0.001 for both), with results sustained to 3 years. While structural re-innervation has been demonstrated in sheep, 25 findings from human studies including this report demonstrating sustained BP reduction suggest that any regrowth that may occur is unlikely to be of clinical relevance. Although changes in prescribed antihypertensive medication regimens were allowed, patients were prescribed slightly, though not clinically meaningful, fewer antihypertensive medication classes at 36 months compared to baseline. Therefore, increases in medication cannot explain the sustained BP decrease. Although medication adherence could have improved for some patients from baseline to follow-up, potentially influencing BP reduction, a recent study suggests close to 40% of patients are not adherent to their prescribed anti-hypertensive regimen and that adherence was highly variable for each patient at different timepoints. 14 In the DENERHTN trial, 26 the prevalence of non-adherence to antihypertensive medications at 6 months was as high as 50% but not different between the RDN and control groups. These results are supported as well by multivariable analyses, in which higher baseline SBP was consistently associated with a greater reduction in both office and 24-h ambulatory SBP at all timepoints. Although this is the first multivariable analysis to our knowledge to examine predictors of BP change at 3 years, this finding is consistent with previous multivariable analyses of predictors of BP at 6 or 12 months after RDN. 10, 27, 28 The sustained reductions in ambulatory SBP are also important since changes in day, night, and 24-h ambulatory BP are more closely related to cardiovascular risk than office BP measurements. 29 The DENER HTN trial reported significant reductions in ambulatory SBP compared to control patients with documented resistant hypertension following a strictly controlled antihypertensive drug regimen after RDN. 30 The recently published randomized, reductions in both office and ambulatory BP in patients with and without concomitant antihypertensive medication. The sustained long-term effects on BP and renal function in the Global SYMPLICITY Registry were similar to those observed in previous studies, adding relevant information about RDN in real-world patients with uncontrolled hypertension undergoing the procedure. The Systolic Blood Pressure Intervention Trial (SPRINT) provided information about the importance of aggressive BP targets to reduce all-cause mortality in high-risk hypertensive patients. 31 However, the extensive medical therapy required to achieve BP control in SPRINT was also associated with an increased risk of some adverse events, including acute kidney injury or failure. 31 The present results in the context of recently published trials [13] [14] [15] imply that RDN therapy may provide an important adjunctive therapy to obtain BP control with low risk of renal injury, which needs to be evaluated in future clinical trials. Indeed among 2145 subjects in the Global SYMPLICITY Registry followed for 6 months (and 1199 patients followed to 3 years), the incidence of cardiovascular death was 2.0% at 3 years and no long-term safety concerns were observed following the RDN procedure.
In total, three cases of renal artery stenosis were presented clinically at 5-6 months post-procedure and confirmed with imaging, although imaging was not requested systematically in all patients, and therefore, the true incidence cannot be scrutinized. Based on published clinical trial reports with the SYMPLICITY Flex system on 2586 patients, including this report, a total of eight new renal artery stenosis (>70% stenosis confirmed on angiography) have been reported (0.3% incidence), as well as an additional 12 cases outside of clinical studies, yielding a total of 20 cases. 32 Renal artery stenosis is estimated to be present in 2-5% of hypertensive patients, 33 although in a prospective study on 285 consecutive resistant hypertensive patients who underwent renal artery angiography, the incidence of renal artery stenosis was 24%. 34 Thus, the incidence reported herein compares favourably with published information. The observed eGFR decrease over 3 years was within the bounds of the expected decline in patients with severe hypertension, which ranges between 0.5 and 2.7 mL/min/1.73 m 2 annually. [7] [8] [9] Additionally, reduction in BP has been shown to result in a functional reduction in eGFR due to reduced perfusion pressure. 35 In the DENER HTN trial, a similar 6-month change in eGFR was reported in the RDN and control groups (-4.0% vs. -6.2%, P = 0.726). 30 Another study found a numerically smaller 6-month change in Cystatin C GFR in patients treated with RDN (-4.0 ± 2.8 mL/min, n = 88,) vs. a control group (-15.1 ± 11.1 mL/min, n = 12). 36 In the study, renal resistive index by duplex ultrasound decreased, suggesting that RDN may improve renal perfusion through a reduction of intra-parenchymal resistance resulting in potentially renal protective effects. 36 Another study showed that renal perfusion, measured using magnetic resonance imaging with arterial spin labelling, was preserved after RDN (as was eGFR) despite reduced systemic BP, 37 and may help explain the preserved renal function observed after RDN. One might also speculate that the relatively small decline in eGFR in patients with CKD (baseline eGFR <60 mL/min/1.73 m 2 ) suggests a possible renal protective effect, which is in line with clinical and preclinical data. 38, 39 Indeed, several studies indicate that the trajectory of the progressive decline in renal function can be altered by RDN. 40, 41 This finding is particularly meaningful as these patients with Stage 3 or higher CKD have a significantly higher risk for cardiovascular events, including stroke, 42 and should be investigated in future clinical trials. Additionally, the decline in renal function, as measured by eGFR, is typically higher in subjects with than without diabetes. 
Limitations
As common in registries, not all patients currently enrolled in the Global SYMPLICITY Registry reached 36-month follow-up. At the time of this report, 3-year follow-up data was available for 50% of the enrolled population. It remains speculative whether patients with good or poor response to RDN decided to resign from follow-up examinations. However, when patients with complete follow-up were analysed using mixed models as a sensitivity analysis, no major differences in the results were observed. Furthermore, the Global SYMPLICITY Registry is a single-arm registry and as such does not involve control groups to compare outcomes. There is no way to rule out a Hawthorne/placebo effect, which could be caused by participation and care during the study. 45 Comparison of eGFR measurements between patients with vs. without medication changes is limited since reported medication changes were not verified with medication adherence testing. The RDN procedures for this analysis were all performed with the first-generation, single-electrode SYMPLICITY Flex RDN catheter system. This device may make it more difficult to achieve a pattern of four-quadrant ablations than the current SYMPLICITY Spyral catheter technology, especially within the GSR study design that did not encourage more treatment ablations or allow for treatment in the renal artery side branches or accessories. The observed safety profile should be regarded as being device-specific; there is a need for continued long-term follow-up of patients treated with the newer SYMPLICITY Spyral catheter and revised procedural techniques.
Conclusions
The Global SYMPLICITY Registry, the largest available trial to date of outcomes after RDN in a hypertensive population, demonstrated significant BP reductions at 6 months that were sustained in the cohort that was followed to 3 years (Take home figure) . No long-term safety concerns have been observed following the denervation procedure.
Renal function in this cohort of severe, uncontrolled hypertensive 
patients as assessed by eGFR declined within the expected range (Take home figure) .
